Protoporphyrin (IX) ferrochelatase catalyses the insertion of ferrous iron into protoporphyrin IX to form haem. These ferrochelatases exist as monomers and dimers, both with and without [2Fe-2S] clusters. The motifs for [2Fe-2S] cluster co-ordination are varied, but in all cases previously reported, three of the four cysteine ligands are present in the 30 C-terminal residues and the fourth ligand is internal. In the present study, we demonstrate that a group of micro-organisms exist which possess protoporphyrin (IX) ferrochelatases containing [2Fe-2S] clusters that are coordinated by a group of four cysteine residues contained in an internal amino acid segment of approx. 20 residues in length. This suggests that these ferrochelatases have evolved along a different lineage than other bacterial protoporphyrin (IX) ferrochelatases.
INTRODUCTION
Protoporphyrin (IX) ferrochelatase (protohaem ferro-lyase, EC 4.99.1.1) catalyses the insertion of a ferrous ion into the tetrapyrrole-derived ring of protoporphyrin IX, to yield protohaem and two protons [1, 2] . A comparison of all currently known protoporphyrin (IX) ferrochelatases has revealed the presence of three distinct regions [2] . The first region (I) is present in all eukaryotes and has been identified as an N-terminal organelle targeting motif that is proteolytically cleaved following delivery to the organelle [3, 4] . The second, (II), represents the core 330 amino acid residues and is ubiquitous amongst protoporphyrin (IX) ferrochelatases. The third region, (III), is a 30-to 50-amino acid C-terminal sequence that is found mainly in eukaryotic protoporphyrin (IX) ferrochelatases. Region III in animal protoporphyrin (IX) ferrochelatases is involved in dimerization of the enzyme [5] , and contains three of the four cysteine ligands to an [2Fe-2S] cluster with the fourth being found in region II [5] [6] [7] [8] . Region III of plant protoporphyrin (IX) ferrochelatase is approx. 50 residues and its role is currently unknown [2] . These ferrochelatases do not possess cysteine residues in region III and do not contain [2Fe-2S] clusters. Protoporphyrin (IX) ferrochelatase from the yeast, Saccharomyces cerevisiae, possesses a region III which lacks cysteine residues and does not contain an [2Fe-2S] cluster, whereas the Schizosaccharomyces pombe protoporphyrin (IX) ferrochelatase does possess the necessary cysteine residues and an [2Fe-2S] cluster [9] .
The 2.0 Å (1 Å = 0.1 nm) crystal structure of human protoporphyrin (IX) ferrochelatase has been solved using anomalous scattering signals generated from bound iron [5] . The asymmetric unit was found to contain a homodimer, with each monomer containing one [2Fe-2S] cluster. Each monomer contains two hydrophobic protrusions which flank the active site cleft and are proposed to be associated with the matrix side of the inner mitochondrial membrane. By contrast, the 1.9 Å crystal structure of Bacillus subtilis protoporphyrin (IX) ferrochelatase revealed a soluble monomeric enzyme that lacks a [2Fe-2S] cluster [10] . More recently a small number of bacteria were identified that possess a C-terminal extension similar to that which is found in eukaryotic protoporphyrin (IX) ferrochelatases, and these also contain a [2Fe-2S] cluster [2, 11] . In the present study, we report that yet another set of bacterial protoporphyrin (IX) ferrochelatases exist that possess a [2Fe-2S] cluster, but do not contain a C-terminal extension.
In the present study, we report steady-state kinetic characterization of this group of microbial protoporphyrin (IX) ferrochelatases. Genomic analysis demonstrates that a subset of these enzymes exists that co-ordinate [2Fe-2S] clusters, and that two distinct co-ordination motifs have evolved. Potential roles for the [2Fe-2S] cluster are presented and the evolutionary significance of these observations is discussed.
EXPERIMENTAL

Cloning and mutagenesis
Mycobacterium tuberculosis and Caulobacter crescentus protoporphyrin (IX) ferrochelatases were cloned and mutated as described previously [11] . Genomic DNA for Pseudomonas aeruginosa (a gift from Dr Wendy Dustman, Department of Microbiology, University of Georgia, Athens, GA, U.S.A.), Porphyromonas gingivalis (a gift from Dr James Travis, Department of Biochemistry and Molecular Biology, University of Georgia, Athens, GA, U.S.A.), and Azotobacter vinelandii (a gift from Dr William Lanzilotta, Department of Biochemistry and Molecular Biology, University of Georgia, Athens, GA, U.S.A.) was prepared [12] . Genomic DNA from Myxococcus xanthus was obtained from Dr Larry Shimkets (Department of Microbiology, University of Georgia, Athens, GA, U.S.A. [13] was rendered chemically competent and transformed using each of the expression plasmids.
Protein purification
Proteins were purified as described previously [11] . Yields of M. xanthus and P. putida protoporphyrin (IX) ferrochelatases were increased by including 1 % Triton X-100 in the solubilization buffer. Protein concentration was determined using calculated extinction coefficients based on the amino acid sequence. These values were 48. 8 
Substrate preparation
Mesoporphyrin IX (Porphyrin Products, Logan, UT, U.S.A.) was solubilized with a few drops of 30 % NH 4 OH and then diluted with a 2 % (v/v) solution of Triton X-100 immediately before use.
Ferrochelatase assays
Iron chelation was measured using a continuous assay, by monitoring the depletion of mesoporphyrin IX absorbance at 496 nm using an extinction coefficient of 7.5 mM −1 · cm −1 [14] . This was performed using a Cary 50 spectrophotometer at 25
• C. The reactions were started by the addition of enzyme, which was preincubated at 25
• C, and the depletion of mesoporphyrin IX was monitored for 3 min. Where substrate inhibition was not present, fixed concentrations of 17 µM mesoporphyrin IX and 50 µM Fe 2+ were used when the other substrate was being varied. Where inhibition was observed at high concentrations of Fe 2+ , the ferrous iron concentration was fixed at 25 µM when mesoporphyrin IX was varied. The concentration of iron was ranged from 5-50 µM, and mesoporphyrin IX was ranged from 5-30 µM. All assays contained 0.5 µM protein, 50 mM Tris/MOPS (pH 8.0), 1 % (v/v) Tween-20 and 5 mM 2-mercaptoethanol. The steadystate rates were estimated using linear regression of the timecourse at the start of the reaction. V versus [S] curves were fitted to the Michaelis-Menten equation using non-linear regression (Sigmaplot 8).
RESULTS
As part of an effort to elucidate the function of the [2Fe-2S] cluster in protoporphyrin (IX) ferrochelatases, our laboratory performs sequence analysis of genomes as they become available in order to identify potential haem-synthetic enzymes. A TIGR (The Institute for Genome Research) BLAST screen using the genome of M. xanthus yielded a sequence in contig 581 which had reasonable similarity to known protoporphyrin (IX) ferrochelatase sequences. Pile-up analysis of this putative ferrochelatase sequence with several cluster containing protoporphyrin (IX) ferrochelatases, both eukaryotic and bacterial, revealed that the M. xanthus gene did not contain the required C-terminal extension found in protoporphyrin (IX) ferrochelatases that possess a [2Fe-2S] cluster. However, M. xanthus protoporphyrin (IX) ferrochelatase does possess a 22 amino acid insertion which contains four cysteine residues ( Figure 1) .
A BLAST search using the M. xanthus sequence yielded additional microbial protoporphyrin (IX) ferrochelatases with the insertion. Among these were Bdellovibrio bacteriovorus, Pseudomonas syringae, Pseudomonas putida, Azotobacter vinelandii, Pseudomonas aeruginosa and Porphyrymonas gingivalis. Interestingly, three of these enzymes (from A. vinelandii, Bdellovibrio bacteriovorus and P. syringae) contained four cysteine residues in the insertion, whereas the other three contained one to three of the four cysteine residues ( Figure 1 ).
Mutagenesis
Recombinant protoporphyrin (IX) ferrochelatase from M. xanthus, P. putida and P. aeruginosa was expressed in E. coli and purified. UV spectra for these enzymes showed the presence of a [2Fe-2S] cluster in the M. xanthus enzyme but not in the P. putida or P. aeruginosa enzymes. The enzyme from P. gingivalis was expressed but precipitated immediately after purification, making it unsuitable for further analysis. The A. vinelandii enzyme was not expressed by this system.
To confirm that the four cysteine residues postulated as ligands to the [2Fe-2S] cluster are involved in cluster assembly, sitedirected mutagenesis of the M. xanthus enzyme was performed to convert each individual cysteine residue (C213, C219, C220 and C230) into a serine residue. The absorption band at 330 nm and absorption peaks at approx. 415 and 550 nm that are characteristic of the [2Fe-2S] centre [8, 15] , are absent from the C213S, C219S (Figure 2 , panel A), C220S and C230S spectra, indicating the loss of the cluster. Despite the absence of the cluster, each of these mutants was able to support the growth of the E. coli hemH strain [a strain lacking the E. coli protoporphyrin (IX) ferrochelatase enzyme]. Additional site-directed mutagenesis of the M. xanthus enzyme was performed to remove the cluster-ligating insertion. The resulting mutant, 209-230, retains enough activity to complement E. coli hemH, but was unstable after purification, preventing any biochemical analysis. The C219S mutant was selected for kinetic analysis, as described below.
The P. putida enzyme, which lacks a [2Fe-2S] cluster, contains three of the four cluster-ligating cysteine residues. In an attempt to create a [2Fe-2S] cluster in this enzyme, the amino acid in the position of the fourth cysteine ligand, which in P. putida is an aspartic acid, was mutated to cysteine. This recombinant enzyme (D207C) did not form a [2Fe-2S] cluster. To further mimic the sequence of the internal cluster-containing enzymes of M. xanthus and A. vinelandii, Lys 202 of the P. putida enzyme was mutated into a threonine residue in the previously mutated D207C enzyme. This enzyme (K202T/D207C) also did not form a [2Fe-2S] cluster. A third mutation, deletion of the valine residue at site 204 ( V204/ K202T/D207C) to mimic the spacing of the M. xanthus enzyme, as well as the conserved residues at Lys 202 and Asp 207 , also did not assemble a cluster, suggesting that additional, currently unidentified residues spatially close to The black shading indicates a 90 % sequence identity and the grey shading indicates where 90 % of the residues are functionally similar. The solid boxes highlight potential conserved cysteine residues in the subset of ferrochelatases containing the 'cysteine-rich insertion'. *, the cysteine ligands to the iron-sulphur cluster in human ferrochelatase. The broken-line boxes indicate the primary sequence of human ferrochelatase that is shaded in blue in Figure 5 .
Figure 2 UV absorption spectra of protoporphyrin (IX) ferrochelatases
Absorption spectra of wild-type (solid line) and C219S mutant (dashed line) ferrochelatases from M. xanthus, and C341S mutant (dotted line) ferrochelatase from C. crescentus. The peak heights have been normalized for clarity.
the cluster are essential for assembly or stability. Deletion of the P. putida insertion resulted in an enzyme without the ability to rescue the growth of the hemH mutant of E. coli. This enzyme was not amenable to purification.
Protoporphyrin (IX) ferrochelatase from C. crescentus, which has previously been described [11] , does not contain the cysteinerich insert, but possesses a cysteine-rich C-terminal extension similar to that of the human enzyme (Figure 1 ). Attempts to produce a catalytically active C. crescentus enzyme that lacks the [2Fe-2S] cluster were made by mutating putative cluster-ligands into serine residues (C328S, C332S, C339S and C341S) [11] . In the current study the C341S enzyme was purified and subjected to kinetic characterization, as described below, to determine if the loss of the cluster elicited different effects compared with a protoporphyrin (IX) ferrochelatase that contains the cysteinerich insert (M. xanthus C219S). The data shown in Figure 2 demonstrates that the C341S mutation results in the loss of the [2Fe-2S] cluster. The absorption spectrum of the C. crescentus wild-type enzyme resembles the M. xanthus wild-type spectrum shown in Figure 2 , so was omitted for clarity.
Kinetic analysis
Wild-type protoporphyrin (IX) ferrochelatases from M. xanthus, Bd. bacteriovorus, P. putida, M. tuberculosis and C. crescentus were purified and subjected to preliminary kinetic analysis, along with two cluster-knockout mutant protoporphyrin (IX) ferrochelatases: M. xanthus C219S and C. crescentus C341S. Table 1 shows the kinetic parameters obtained when all of these purified enzymes were subjected to kinetic analysis. The data in Figure 3 shows the V versus [Fe 2+ ] curves for M. xanthus wild-type and C219S mutant enzymes. Both are fitted to single rectangular 
Figure 3 V versus [Fe 2+ ] curves for M. xanthus wild-type () and C219S mutant (᭹) protoporphyrin (IX) ferrochelatases
Both datasets were fitted to single rectangular hyperbolae, but only the datapoints below 25 µM hyperbolae, although the data points above 25 µM Fe 2+ for the mutant enzyme were omitted from the fitting. This M. xanthus C219S mutant enzyme is subject to iron substrate inhibition, and exhibits a larger K m value for Fe 2+ than the wild-type. Figure 4 shows the V versus [Fe 2+ ] curves for C. crescentus wild-type and C341S mutant enzymes. Both data-sets are fitted to single rectangular hyperbolae. The mutant enzyme appears to possess a lower K m value for Fe 2+ than that of the wild-type. The blue shading indicates the region of the human enzyme that corresponds to the cysteine rich insertion in some bacterial protoporphyrin (IX) ferrochelatases (broken-line box in Figure 1 ). The C-terminal extension found in human, but not these bacterial enzymes, is shown in green. The iron-sulphur cluster is shown in red.
DISCUSSION
Above is reported the discovery of a new class of bacterial protoporphyrin (IX) ferrochelatases possessing internal insertions of approx. 20 amino acids, some of which contain a sufficient number of cysteine residues to ligate a [2Fe-2S] cluster. Among the enzymes containing the insertion, there are only six cysteine residues that are relatively conserved: the four within the insertion (in the enzymes which possess the four) and two additional cysteine residues at positions equivalent to human Pro 334 and His 341 , found in all of the insertion-containing enzymes. Since Pro 334 and His 341 residues are located in the active site spatially distant from any other cysteine residues, the cysteine residues occupying the analogous position in these bacterial ferrochelatases were not considered to be likely [2Fe-2S] cluster ligands. Site-directed mutagenesis of the four cysteine residues in the insertion in M. xanthus protoporphyrin (IX) ferrochelatase confirmed that the residues in the insertion were in fact responsible for co-ordination of the cluster.
Until the previous finding of [2Fe-2S] clusters in a limited number of bacterial protoporphyrin (IX) ferrochelatases [5] , it was believed that this feature was restricted to higher animal protoporphyrin (IX) ferrochelatases. Although differences exist in the spacing between the three terminal cysteine residues, the general motif for cluster ligation found previously has been via four cysteines with one cysteine located near the middle of the primary sequence and the other three located within an approx. 30 residue C-terminal extension. By analogy with the human tertiary structure, it would be expected that this newly identified cluster resides in the same spatial location as does the [2Fe-2S] cluster in human protoporphyrin (IX) ferrochelatase ( Figure 5 ). Although final determination of the exact orientation will require crystallographic data, it is highly unlikely that the spatial position will vary significantly, given the clear conservation of structure found between human [5] , yeast [15a] , and bacterial [10] protoporphyrin (IX) ferrochelatases reported to date.
The kinetic data obtained were for one bacterial C-terminal cluster-ligated protoporphyrin (IX) ferrochelatase: C. crescentus, and two internal insertion cluster-containing protoporphyrin (IX) ferrochelatases: Bd. bacteriovorus and M. xanthus. In addition, cluster-lacking C → S mutants for C. crescentus and M. xanthus were examined along with the P. putida wild-type enzyme, which has an internal insert, but lacks a [2Fe-2S] cluster. Although it was possible to produce and characterize stable mutant enzymes that lacked the normal [2Fe-2S] cluster (e.g. M. xanthus C219S and C. crescentus C341S), it has not yet proven possible to convert a non-cluster containing enzyme into a cluster-containing one. Attempts to convert the P. putida enzyme by introducing a fourth cysteine residue and changing the surrounding residues and spacing to resemble cluster-containing protoporphyrin (IX) ferrochelatases were unsuccessful. Interestingly, complete removal of the 22 amino acid residue insertion, which converts the protein into a more typical bacterial protoporphyrin (IX) ferrochelatase primary sequence, results in the production of an unstable protein.
Although it might be assumed that the variations in spacing of the terminal three cysteine residues found in previously reported bacterial protoporphyrin (IX) ferrochelatases arose through evolution by random mutagenesis of an ancestral clustercontaining bacterial ferrochelatase, the origin of the currently described clusters that are ligated by four cysteines in an internal insertion may best be attributed to convergent evolution. This fact makes clear the importance of the [2Fe-2S] cluster to the protoporphyrin (IX) ferrochelatases which possess it and argues that it is not just a randomly incorporated feature, but serves a significant in vivo function.
The kinetic data presented in Table 1 point to a potential difference in function between these two subsets of microbial ferrochelatases. The M. xanthus C219S mutant enzyme, which lacks the cluster, exhibits a larger apparent K m value for iron than that of the wild-type enzyme, as well as being subject to inhibition by ferrous ion concentrations greater than 25 µM. This suggests that the presence of the [2Fe-2S] cluster enhances iron binding at lower Fe 2+ concentrations, and assists the productive binding at higher concentrations. Kinetic measurements were performed on two additional insert-containing protoporphyrin (IX) ferrochelatases from Bd. bacteriovorus and P. putida. The [2Fe-2S] clustercontaining Bd. bacteriovorus enzyme possesses a similar k cat value to that of M. xanthus protoporphyrin (IX) ferrochelatase, although the K m Fe value is 4-fold larger than that of the M. xanthus enzyme. The cluster-less P. putida enzyme has a much larger k cat value than the other members of this family possessing the [2Fe-2S] cluster. However, this enzyme only possesses three cysteine residues in the insert, and therefore does not co-ordinate a [2Fe-2S] cluster. The K m Fe of the P. putida enzyme is far higher than that of the M. xanthus wild-type enzyme. This is consistent with the theory that the [2Fe-2S] cluster enhances iron binding in this subset of protoporphyrin (IX) ferrochelatases. By contrast, the C. crescentus C341S mutant enzyme has a lower apparent K m value for iron. This suggests that this cluster (not bound by an internal four cysteine insertion) may serve to down-regulate the incorporation of Fe 2+ into protoporphyrin IX. Furthermore, the C. crescentus wild-type enzyme has a much larger k cat value than protoporphyrin (IX) ferrochelatases containing the cysteine-rich insert, and removal of the cluster causes a 4-fold reduction in the k cat value. However, removal of the cluster from the M. xanthus enzyme causes no significant decrease in the catalytic rate. Steadystate kinetic analysis was performed on the M. tuberculosis enzyme to support the data from the C. crescentus protoporphyrin (IX) ferrochelatase. However, this enzyme exhibits a much lower k cat value compared with the wild-type C. crescentus enzyme, as was previously described [11] . There are no data to explain this unusually low enzymatic activity.
Iron-sulphur clusters have been identified in other branches of tetrapyrrole metabolism. A 2Fe-2S centre has recently been shown to be present in sirohydrochlorin ferrochelatase from Arabidopsis thaliana (At-SirB) [16] , whereas some cobaltochelatases appear to harbour [4Fe-4S] centres [17] . The At-SirB sirohydrochlorin ferrochelatase was shown to contain a [2Fe-2S], which is proposed to be co-ordinated by three C-terminal cysteine residues and a conserved central cysteine residue, reminiscent of the mammalian protoporphyrin ferrochelatases. However, this ferrochelatase is very unstable and is degraded rapidly in an aerobic environment, unlike human protoporphyrin ferrochelatase, which gradually disappears over a period of 24 h [8] . The cobaltochelatase, CbiX, is required for vitamin B 12 biosynthesis, and possesses a Cterminal MXCXXC motif, which provides two of the four cysteine ligands to the [4Fe-4S] cluster [17] . Disruption of the Fe-S centre via mutagenesis of the cysteine ligands did not result in a reduction in catalysis. This observation is reminiscent of the results discussed in the present study, and could reflect another non-catalytic role for iron-sulphur clusters in ferrochelatases. Since the chelation rate was independent of the redox state of the cluster, the authors suggest that the redox centre does not act as a sensor, but may be present to interact with another protein, possibly involved in the delivery of cobalt to the active site. This is an interesting possibility, and is significant to the data in the present study, especially as loss of the cluster can have a significant effect on the K m values for iron.
Since the clusters of the enzymes examined in the present study are not reduced by dithionite, it seems unlikely that the [2Fe-2S] cluster acts as a redox switch to modulate iron chelatation. Furthermore, these clusters, unlike the eukaryotic protoporphyrin (IX) ferrochelatase [2Fe-2S] clusters, are very stable and are not destroyed by NO (T. A. Dailey, unpublished work). At present, there are no comprehensive studies published on the effect of cluster redox state on eukaryotic protoporphyrin (IX) ferrochelatase activity. However, given the differences in the physical properties of [2Fe-2S] clusters, it would not be unexpected if during evolution, a different role for the cluster in higher eukaryotes came into being. Indeed, the sensitivity of the animal cluster to NO results in diminished in vivo activity [18] and the lack of enzyme activity in the absence of the cluster means that cellular iron stores may influence the terminal step in haem biosynthesis [15] . Neither of these possibilities seem to be valid for bacterial systems. Nonetheless, it is clear that the presence of the [2Fe-2S] cluster in some bacterial protoporphyrin (IX) ferrochelatases creates ways in which cellular iron metabolism and/or other cellular/environmental factors can have an impact on haem synthesis. It is apparent that regulation of microbial iron and haem metabolism is complex and may be interrelated [20] and that the presence of the [2Fe-2S] cluster in some microbial protoporphyrin (IX) ferrochelatases may represent another piece of this puzzle of evolution. 
